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A B S T R A C T
The tissues of the body are routinely subjected to various forms of mechanical vibration, the frequency,
amplitude, and duration of which can contribute both positively and negatively to human health. The vocal
cords, which are in close proximity to the thyroid, may also supply the thyroid with important mechanical
signals that modulate hormone production via mechanical vibrations from phonation. In order to explore the
possibility that vibrational stimulation from vocalization can enhance thyroid epithelial cell function, FRTL-5
rat thyroid cells were subjected to either chemical stimulation with thyroid stimulating hormone (TSH),
mechanical stimulation with physiological vibrations, or a combination of the two, all in a well-characterized,
torsional rheometer-bioreactor. The FRTL-5 cells responded to mechanical stimulation with signiﬁcantly (p <
0.05) increased metabolic activity, signiﬁcantly (p < 0.05) increased ROS production, and increased gene
expression of thyroglobulin and sodium-iodide symporter compared to un-stimulated controls, and showed an
equivalent or greater response than TSH only stimulated cells. Furthermore, the combination of TSH and
oscillatory motion produced a greater response than mechanical or chemical stimulation alone. Taken together,
these results suggest that mechanical vibrations could provide stimulatory cues that help maintain thyroid
function.
1. Introduction
The tissues of the body are routinely subjected to various forms of
mechanical vibration, the frequency, amplitude, and duration of which
can contribute both positively and negatively to human health [1].
Small doses of vibration may promote tissue growth [2], while large
doses can result in tissue damage [3]. An example of the later is hand-
arm vibration syndrome (HAVS), where the operation of vibrating
power tools can produce chronic and progressive dysfunction to the
vascular, muscular, and neurological systems [4,5]. Several studies on
HAVS have demonstrated a connection between mechanical vibrations
and an adverse cellular response, such as vascular complications in
response to increased reactive oxygen species (ROS) production [6–8].
In contrast, whole body vibrations have been positively associated with
substantial increases in hormone production [9–11], possibly through
direct mechanical stimulation or enhanced biomolecular transport.
These studies suggest that mechanical vibrations could play an
important role in regulating hormone production and ROS in the
endocrine system. The most common endocrine disease, hypothyroid-
ism, aﬀects approximately 5% of the population [12]. It is characterized
by a decrease in thyroid hormone production that stems in part from a
reduction in thyroid epithelial cell sensitivity to thyroid stimulating
hormone (TSH). In order for these hormones to be produced, iodine
must be transported into the thyroid epithelial cells through the
sodium iodine symporter (NIS). Iodine must then be oxidized by
thyroid peroxidase (TPO) and the ROS hydrogen peroxide (H2O2) and
added to the tyrosine residues of thyroglobulin (TG). The iodized
tyrosine residues are then cleaved to form the thyroid hormones
triiodothyronine (T3) and thyroxine (T4), which are critical for regulat-
ing cell metabolism, growth, and development [13].
There is some evidence that mechanical stimulation can positively
inﬂuence TSH sensitivity. Several in vitro studies have demonstrated
that thyroid epithelial cells are responsive to their mechanical environ-
ment, particularly in the context of altered gravity and space explora-
tion [14,15]. For example, Meli et al. found that Fischer rat thyroid
line-5 (FRTL-5) cells had decreased sensitivity to thyroid stimulating
hormone (TSH) after exposure to a hypogravity situation [15]. In
contrast, FRTL-5 exposure to a 7g centrifugal force increased TSH
receptor (TSHR) number and responsiveness to TSH [14]. The
diﬀerence in outcomes could be in part due to an increase in reactive
oxygen species (ROS) production in response to an altered mechanical
environment, particularly as ROS are vital to thyroid hormone
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production. Too much ROS, however, can be detrimental to thyroid
health [16,17], with excess ROS implicated as the basis for the high
rate of cancer found in the thyroid [18].
The vocal cords, which are in close proximity to the thyroid, may
also supply the thyroid with important mechanical signals that
modulate hormone and ROS production via mechanical vibrations
from phonation. In order to explore the possibility that vibrational
stimulation from vocalization can enhance thyroid epithelial cell
function, we subjected FRTL-5 cells to physiological vibrations in a
well-characterized, torsional rheometer-bioreactor [19–21] and com-
pared their response to TSH stimulated cells.
2. Methods
2.1. Cell culture
Fischer rat thyroid line cells (FRTL-5, American Type Culture
Collection, Rockville, MD, CRL 8305) derived from the normal thyroid
gland of Fischer rats were maintained in a 37 °C humidiﬁed incubator
supplied with 95%/5% air/CO2. FRTL-5 cells were cultured according
to the supplier's recommendations in Ham’s F12K medium with 2 mM
L-glutamine and adjusted to contain 1.5 g/L sodium bicarbonate. 0.5%
bovine calf serum and six additional hormones required for FRTL-5
cells to proliferate and maintain thyroid function were added to the
medium, as speciﬁed by the originators of this cell line [22,23]. These
six hormones included 1 mU/mL thyroid stimulating hormone (TSH),
0.01 mg/mL insulin, 10 nM hydrocortisone, 0.005 mg/mL transferrin,
10 ng/mL somatostatin, and 10 ng/mL glycyl-L-histidyl-L-lysine acet-
ate (All reagents from Sigma, St Louis, MO) [24]. Growth medium was
used for cell expansion and to acclimate the cells prior to initiating the
experiments. For the experiments, growth medium was modiﬁed so
that it either contained 10 mU/mL TSH or no TSH as indicated below.
Cells were passaged at 70% conﬂuency and harvested at passages four
through eight for the experiments.
2.2. Application of physiological vibrations with a torsional
rheometer-bioreactor
With the Torsional Rheometer-Bioreactor (TRB) previously devel-
oped in our lab [19], physiological forces can be applied to adherent
cells in a multi-well disc by specifying the frequency, amplitude, and
duration of vibration (Fig. 1). Brieﬂy, 96 well tissue-culture plates were
cut into 57 mm diameter, multi-well discs so that the plates could be
positioned in the TRB. The plates, which were previously sterilized by
the manufacturer, were covered with a sterile adhesive to prevent
debris from entering the wells during cutting with a jigsaw and to
preserve sterility. Next, trypsin/EDTA (Life Technologies, Grand
Island, NY) was used to release FRTL-5 cells from the tissue culture
ﬂasks. The cells were centrifuged at 1500 rpm for 5 min, re-suspended
in complete media, and then plated at a density of 10,000 cells/well to
each of the eight outer wells of the disc, each of equal radial distance
from the disc center. FRTL-5 cells were also re-plated at the same
density in wells of a 96-well plate to serve as controls (n=8). Cellular
attachment was allowed to occur in all wells for 48 h in growth medium
(i.e., with 1 mU/mL TSH) before TSH was completely removed from
the growth medium for an additional 48 h of culture. TSH deprivation
between 1 and 10 days is frequently employed (e.g., [25,26]) prior to
beginning an experiment because it greatly increases FRTL-5 sensitiv-
ity to the reintroduction of TSH [22], and because deprivation is
thought to control cell synchronization [27]. We chose a deprivation
period of 48 h followed by re-exposure to 10 mU/mL TSH based on
other studies that used similar parameters [28,29]. In particular, we
used the study by Bjorkman et al. [28] as a guide, where they showed a
signiﬁcant increase in hydrogen peroxide production with two days of
TSH deprivation followed by 10 mU/mL of TSH. Immediately follow-
ing this 48 h TSH-free culture period, 10 mU/mL of TSH was added
back to growth medium supplied to half of the wells in the multi-well
disc (n=4) and to half of the wells in the control plate (n=4). The other
half of the wells received growth medium without any TSH. The multi-
well discs were then mounted onto the TRB and subjected to four
conditions: (1) no oscillation and no TSH; (2) no oscillation and TSH;
(3) oscillation and no TSH, (4) oscillation and TSH. The oscillatory
conditions for this study were selected based on vibrational parameters
related to vocalization [30]. The TRB was set up to apply inertial forces
to the adherent cells in the form of oscillatory accelerations of 2 m/s2,
based on accelerations measured on the skin in front of the thyroid
[31]. In addition, the experiments were conducted at an torsional
frequency of 126 Hz, a frequency within the range of a typical adult
male voice and corresponding to the characteristics of American speech
and the daily voice usage of public school teachers [30]. Finally, the
stimulation was applied constantly (i.e., a duty ratio of 1) for the full
duration of the experiment (i.e., four hours) in order to produce for this
pilot study what we hypothesized would be a maximum eﬀect from
mechanical stimulation. Four hours was selected in order to be
consistent with prior experiments conducted with vocal fold ﬁbroblasts
[19] and because t-tests from a preliminary study indicated signiﬁcant
diﬀerences in metabolic activity (p=0.0154) between TSH deprived and
TSH stimulated groups after only four hours.
2.3. Quantiﬁcation of metabolic activity
Alamar Blue (alamarBlue®, Life Technologies, Grand Island, NY)
was used to quantify diﬀerences in metabolic activity in response to
exposure to TSH and oscillatory accelerations [32]. A 10x stock
solution of Alamar Blue was diluted in calcium and magnesium free
PBS to achieve a 1x ﬁnal concentration. At the conclusion of each
experiment, medium was removed, the wells were washed gently with
PBS, and 100 µL of Alamar Blue solution was added to each well. Both
the multi-well discs and controls were returned to the incubator for 1 h.
The Alamar Blue solution was then transferred to a black 96-well plate
and the ﬂuorescence was measured (Ex/Em=560/590 nm) with a
ﬂuorometer (FLOUstar, BMG LABTECH Ltd., Ortenberg, Germany).
Fig. 1. Torsional Rheometer Bioreactor (A) Image of the TRB enclosed in an environmentally controlled chamber. (B) Schematic of the components of the multi-disc assembly,
including the locations of the eight wells used in each study. Four of the wells were chemically stimulated with TSH in addition to receiving oscillatory mechanical signals. The other four
wells received no TSH.
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Results are reported in arbitrary ﬂuorescence units (AFU) with the
blank value subtracted.
2.4. Quantiﬁcation of cell number
Hoechst 33342 (H1399, Life Technologies, Grand Island, NY) was
used to quantify cell number. After removal of Alamar Blue, the wells
were washed with PBS and 100 µL of 5 μg/mL Hoechst in PBS was
added to each well, followed by a 30 min incubation at 37 °C.
Fluorescence was measured with a ﬂourometer (Ex/Em =380/460
ηm) and reported as AFU.
2.5. Quantiﬁcation of reactive oxygen species (ROS) levels
A dichloroﬂuorescein (DCF) assay (D399, ThermoFisher) was
conducted on a separate set of experiments that were subjected to
identical experimental conditions as those for the previous assay in
order to measure diﬀerences in ROS production [33]. After stimula-
tion, media was removed from the wells and replaced with 50 µL of
10 μM DCF in PBS solution and incubated at 37 °C for 30 min. ROS
production was measured with a ﬂuorometer (Ex/Em=495/520 nm)
and reported as AFU.
2.6. Quantiﬁcation of cyclic adenosine monophosphate (cAMP) Levels
A direct cAMP assay kit (Enzo Life Sciences, Farmingdale, NY) was
used to measure intracellular cAMP concentration (also on a separate
set of experiments under identical experimental conditions) because
TSH stimulates thyroid cells primarily through the cAMP signaling
cascade [34]. Three independent experiments were conducted for each
condition. However, due to the low cell densities in this experiment, all
four wells for a given experiment and condition were pooled together
for one measurement, thus giving a sample size of n=3 for each
condition. At the conclusion of each experiment, the FRTL-5 cells were
lysed with 100 µL 0.1 M HCl for 10 min, centrifuged at 5000 rpm for
5 min, and then frozen so that all experiments could be analyzed
simultaneously. Following the manufacturer's protocol, an acetylation
step was used to increase sensitivity. A 1:2 mix of acetic anhydride:
trimethylamine was added at a 5% concentration to the samples and
the standards, which ranged from 0.078 pmol/mL to 20 pmol/mL.
Neutralizing solution (50 µL) was added to each well of the 96-well
cAMP ELISA plate. An additional 100 µL of sample or standard was
then added to each well, followed by 50 µL of blue conjugate and 50 µL
of yellow antibody. The wells were mixed at 280 rpm for 2 h. The
solution was then removed and the wells were washed 3 times. 200 µL
of substrate solution was added to each well and incubated at room
temperature for 1 h. 50 µL of stop solution was then added and the
absorbance was measured at 405 ηm with a Spectramax i3x (Molecular
Devices, Sunnyvale, CA).
2.7. Thyroglobulin (TG) and sodium/iodine symporter (NIS) gene
expression assessed with qPCR
TG and NIS gene expression was quantiﬁed using qPCR. TG is a
precursor protein for thyroid hormone production, and NIS is im-
portant for traﬃcking of iodine into thyroid epithelial cells.
Immediately following the stimulation period, FRTL-5 cells were
removed from the multi-disc and control plates with trypsin/EDTA.
Cells were then centrifuged and wash with PBS before being stored at
−20 °C for later analysis. Upon thawing, total RNA was isolated using
an RNeasy Mini Kit (Qiagen, Austin, TX, USA) according to the
manufacturer's directions. A total of 100 ηg of RNA was converted to
cDNA via RT-PCR by using a high capacity cDNA reverse transcription
kit (Applied Biosystems, MA, USA). The RT-PCR protocol was 10 min
at 25 °C followed by 37 °C for 2 h. The resultant cDNA was diluted 1:5
in RNAase free water, then 4.5 µL of the diluted cDNA was mixed with
5.5 µL of TG (Rn00578496_m1) or NIS (Rn00583900_m1) TaqMan
miRNA primer and probe mix (1:10 of NIS, TG primer: TaqMan probe
solution) (Life Technologies, MA, USA). These reactions were carried
out in triplicate. Gene expression levels were measured with an Applied
Biosystems 7300 Real Time PCR System (Applied Biosystems, MA,
USA) in a 96 well plate with thermal cycling parameters set at 50 °C for
2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and 60 °C for
1 min. Steady-state mRNA levels were normalized to 18 s rRNA and
calculated relative to untreated controls by the relative quantitation
using comparative CT. Because RNA yields were low, all four wells for a
given condition were pooled together for one measurement run in
triplicate. Three independent experiments were conducted for each
condition (i.e., n=3).
2.8. Statistical analysis
All data are presented as mean values ± standard deviation. Except
for the gene expression data and the cAMP ELISA (sample sizes
detailed above), these values represent 4 independent experiments,
each containing four samples per group (n=16). The oscillation and
TSH condition for the alamar blue and Hoechst assays represents n=15
samples because one sample was discarded due to a sample processing
error. Anderson-Darling tests were conducted ﬁrst to conﬁrm that the
data were not from non-normal distributions. One-way analysis of
variance (ANOVA) with post hoc Tukey tests (Prism 7, GraphPad) were
then used to determine statistical signiﬁcance.
3. Results
Changes in FRTL-5 cell metabolic activity were aﬀected in a
stimulation dependent manner (Fig. 2A). The addition of TSH in-
creased metabolic activity 11% (though not signiﬁcantly, p=0.107)
compared to the unstimulated control (i.e., no TSH and no oscillation).
Fig. 2. FRTL-5 Metabolic Activity, ROS production, and Cell Number in Response to Treatment. (A). Oscillation signiﬁcantly increased FRTL-5 cell metabolic activity compared to no
oscillation both with and without TSH (* p=0.0244, ** p=0.0014, *** p=0.0002, **** p < 0.0001). (B) Oscillation signiﬁcantly increased ROS compared to no oscillation both with (**
p=0.0026) and without (** p=0.0077) TSH (p**** < 0.0001). (C) Cell number was not signiﬁcantly aﬀected by TSH or oscillation.
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Oscillation alone also had a signiﬁcant eﬀect on metabolism
(p=0.0014), increasing it by 20% compared to control. The combina-
tion of oscillation and TSH signiﬁcantly increased metabolic activity
further (33%) compared to control (p < 0.001). Relative levels of ROS
produced in response to TSH and oscillatory stimulation mirrored the
trends observed for metabolic activity (Fig. 2B). TSH alone increased
ROS production 10% compared to controls. Oscillation alone and
oscillation with TSH increased signiﬁcantly ROS production 24%
(p=0.0077) and 36% (p < 0.0001) compared to controls, respectively.
For all testing conditions, the FRTL-5 cells grew into clustered multi-
cellular aggregates over the course of the experiment. No signiﬁcant
diﬀerences in cell number were observed amongst the conditions tested
(Fig. 2C), indicating that mechanical and chemical treatments did not
aﬀect cell attachment to the substrate.
Gene expression was also dependent on the stimulation conditions.
Relative TG gene expression remained unchanged in response to TSH
alone (Fig. 3A). TG expression increased 25% with oscillation alone
and nearly tripled (p=0.0406) with the combination of oscillation and
TSH compared to control. NIS expression (Fig. 3B) was highly variable
and increased approximately three to ﬁve-fold in response to all forms
of treatment compared to control.
Because TSH acts primarily through the cAMP signaling cascade
[34], cAMP levels for each condition were also measured in order to
determine if oscillation also triggers an increase in cAMP (Fig. 4). The
baseline cAMP concentration measured in the unstimulated control
group was 0.816 ± 0.344 pmol/mL. The concentration increased 2.3
fold in response to oscillation alone (1.866 ± 0.853 pmol/mL) and 3.5
fold in response to TSH alone (2.870 ± 0.894 pmol/mL) compared to
controls. Together, the combination of TSH and oscillation signiﬁcantly
(p=0.0121) increased cAMP levels 5.5 fold at 4.452 ± 1.663 pmol/mL
compared to controls.
4. Discussion
Given that mechanical vibrations have been associated with a
positive increase in hormone production [9–11], and that the thyroid
is in close proximity to the vocal cords, we hypothesized that thyroid
hormone production could also be positively stimulated by the vibra-
tional forces of phonation. In order to begin to test this hypothesis, we
subjected adherent FRTL-5 cells to oscillatory inertial forces from
rotational oscillatory motion that approximates the accelerations
thyroid cells might experience during typical phonation.
We then measured changes in metabolism, ROS production, and
TG and NIS gene production as indicators of enhanced thyroid function
because each of these components is vital to thyroid hormone produc-
tion, and because each has been shown to increase in response to
hormonal stimulation with TSH [28,35,36]. We reasoned that if inertial
forces from oscillation are capable of providing the same (or similar)
stimulatory eﬀects as TSH, one should expect to see comparable
increases to those from TSH stimulation alone. The FRTL-5 cells
responded to mechanical stimulation with increased metabolic activity,
increased ROS production, and increased gene expression of NIS and
TG compared to un-stimulated controls, and showed an equivalent or
greater response than TSH only stimulated cells. Taken together, these
results suggest that mechanical vibrations could provide stimulatory
cues that help maintain thyroid function.
Which signaling pathways are activated by these mechanical cues is
unclear. TSH stimulates rat and human thyroid cells primarily via an
increase in intracellular cAMP, which in turn activates several addi-
tional signaling pathways [34]. In order to determine if mechanical
stimulation also operates through the same cAMP signaling cascade as
TSH does, we measured intracellular cAMP levels and found that they
too increased with oscillation. The cAMP trends did, however, diﬀer
some from the trends for metabolic activity and ROS. Speciﬁcally,
cAMP was lower when only oscillations were applied than when only
TSH was administered. Although not signiﬁcantly diﬀerent from each
other, this trend was ﬂipped with respect to the trends found for
metabolic activity and ROS.
It is possible that a diﬀerence in cAMP levels between the
oscillation and TSH groups exists, and that this diﬀerence would
become signiﬁcant with a larger samples size. If this is the case, this
diﬀerence might indicate that other signaling mechanisms are also
operating that could be diﬀerentially regulated depending on whether
the stimulus is mechanical, hormonal, or a combination of the two.
Such mechanisms could operate parallel to the cAMP cascade, such as
the phosphoinositide phospholipase C (PLC) pathway [34,37], or they
could interact further downstream of cAMP, such as MAPK [34,38].
For example, modulation of the MAPK/ERK pathway through mechan-
ical stimulation has been demonstrated in other cell types [39], and
could play some role here. Further investigation will be required to
determine precisely which pathways are activated by vibrational
Fig. 3. Gene expression normalized to 18 s and to control (i.e., no oscillation, no TSH). (A) The combination of TSH and oscillation (TSH+OSC) resulted in a 100% increase in
thyroglobulin expression (p=0.0406). (B) Sodium Iodide Symporter (NIS) expression increased approximately 3 to 5-fold (though not signiﬁcantly) for all three cases of stimulation
compared to controls.
Fig. 4. cAMP Levels in Response to Treatment. cAMP levels increased in response to
treatments with either TSH or oscillation. TSH and oscillation produced the highest
levels of cAMP, which were signiﬁcantly greater than control (* p=0.0121, n =3).
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stimulation.
The positive eﬀects of vibrational stimulation have been noted by
others, particularly as a potential therapy for fostering an anabolic
response in the musculoskeletal system [40,41]. Of particular relevance
to this study are the reports on high frequency, low-amplitude
mechanical signals (LMS) and their role in regulating osteogenesis,
musculogenesis, and other adaptive cellular responses [42–49]. LMS is
characterized by strains so low as to be considered negligible (i.e. peak
strains are on the order of 1–2 microstrain) [42]. In our experiments,
the FRTL-5 cells were attached to stiﬀ tissue culture polystyrene (TCP),
which we assumed also experienced negligible deformations during
oscillation. Without a deformable substrate, gene transcription cannot
ostensibly be triggered by the well-characterized outside-in signaling
pathway in which mechanical cues are transmitted from the ECM to the
cytoskeleton via transmembrane focal adhesions and on to the nucleus
[42]. The underlying mechanisms responsible for an adaptive cellular
response to LMS remain unclear. Recently, Uzer et al. found that the
LINC (linker of nucleoskeleton and cytoskeleton) complex, a collection
of proteins that mechanically couples the cytoskeleton to the nucleus,
appears to play an important role in the cellular response to high
frequency, LMS [46]. They observed that LMS applied to mesenchymal
stem cells facilitated focal adhesion kinase (FAK) and Akt phosphor-
ylation, actin cytoskeletal reorganization, and force transmission to the
nucleus via the LINC complex [46]. When the LINC complex was
disabled these adaptive responses to LMS disappeared. Others have
also provided evidence that LINC helps maintain a balance of forces
between the nucleus and the actin cytoskeleton, and that dynamic
changes in the homeostatic state of stress in the cytoskeleton can
transfer localized deformations/forces to the nucleus, which in turn
mechanoregulates gene transcription and other cellular activities [50–
53]. In the context of LMS, it appears feasible that force generation can
originate internally from the mechanical deformations created by the
passive response of the denser nucleus [46,54] due to acceleration from
the oscillatory rotational motion imposed on the multi-well disc by the
TRB.
Another possible source of mechanical stimulation is from ﬂuid
shear stress. In our system, each well was ﬁlled completely with culture
medium in order to reduce shear stresses caused by sloshing of the
culture medium. Smooth particle hydrodynamic computational simu-
lations predicted that shear stresses decrease with increasing ﬂuid
height in the well, and that for similar TRB operating conditions the
peak shear stresses should be less than 0.01 Pa [19]. Although these
shear stresses are quite small in the TRB, it is still possible that they
also are a source of mechanical stimulation in vivo when movement is
less conﬁned. For example, similar to our study, computational
simulations on the eﬀect of LMS on osteocytes in vitro conclude that
membrane deformations from ﬂuid shear stresses are too low to be
stimulatory [55]. However, simulations of LMS on trabecular bone in
vivo estimate median shear stresses between 0.3 and 1.1 Pa that are
considered high enough to produce an anabolic eﬀect [56]. Clearly
more investigation is required to determine which mechanical mechan-
isms might be responsible for LMS's eﬀect on cell behavior.
In this initial study, we chose to apply a vibration frequency,
acceleration, and duration that was comparable to our previous work
with vocal fold ﬁbroblasts for an adult male voice with a teacher-
student contact time of 4–6 h [19]. However, the parameter space
mimicking human phonation is quite large. As such, it should be noted
that the current study does not indicate if higher or lower frequencies,
accelerations, duty cycles, or durations, as may occur in other settings
(e.g., musicians and high vocal professionals), causes more or less
metabolic activity, ROS production, and TG/NIS gene expression, or
whether such activities are beneﬁcial or harmful to thyroid and overall
health.
The culture condition parameter space for FRTL-5 cells is also quite
large. Although FRTL-5 cells are a well-characterized cell line for
studying thyroid function, culture conditions, including the length of
TSH deprivation, the concentration of TSH during re-exposure, and the
duration of re-exposure for the experiment, vary widely [34,57]. For
this pilot study, our culture conditions were within the ranges reported
in the literature (e.g., [28]). However, the four hour TSH re-exposure
time we chose was shorter than the 24–48 h more commonly employed
(though not outside the range of reported values). We picked four
hours in order to be consistent with prior experiments conducted in our
lab with vocal fold ﬁbroblasts [19]. Future studies will also explore
longer re-exposure times, which could increase signiﬁcantly FRTL-5
metabolism, iodide uptake, and gene expression in response to TSH, as
others have reported (e.g., [22,58,59]), compared to the four hours
used here.
In addition to exploring the vibrational and culture condition
parameter space further, future investigations on the eﬀects of
vibratory stimulation of FRTL-5 cells will also require the development
of a more physiological culture system that better reﬂects the in vivo
structure and physiology of the follicle [60]. Although FRTL-5 cells are
well characterized, and they replicate many of the functions of the
thyroid, including TSH sensitivity and thyroglobulin production/secre-
tion [15], the cells used in this study were maintained in monolayer on
hard TCP, the stiﬀness of which greatly exceeds that of the ECM of soft
tissues. Several recent studies have demonstrated that many cell
activities, including diﬀerentiation, can be regulated by mechanical
cues such as substrate stiﬀness [61–63] and dimensionality (2D vs. 3D)
[64]. In fact, thyroid epithelial cells cultured in static 3D collagen gels
do form follicles with structural polarity [60,65,66], presumably
because of favorable mechanical and compositional cues. Our next
steps will be to translate our ﬁndings here to a similar 3D collagen gel
system [67].
In conclusion, these pilot data are supportive of the possibility of
using vibrations from phonation to stimulate thyroid hormone produc-
tion and for augmenting existing treatments for some thyroid-related
diseases. A phonation-based treatment could also be beneﬁcial for
oﬀsetting the negative eﬀects of microgravity on the thyroid, a situation
of particular importance to those subjected to extended space travel.
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